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SOME ASPECTS OF HURRICANE DAISY, 1958

Herbert Riehl
Colorado State University

Joanne Malkus
Woods Hole Oceanographic Institution

[Manuscript received Apr. 17, 1961; revised May 22, 1961]

ABSTRACT

Observations from research flight missions into hurricane Daisy
(1958) are utilized to compute the budgets of heat, moisture, kinetic
energy, and momentum. Calculations are performed for a period when
the cyclone was just becoming a hurricane, and for a second period,
two days later when it had attained maturity.

The level of non-divergence separating lower inflow from upper
outflow was quite high near 500 mb. Mass flow increased considerably
between the two days, but rainfall remained gquite moderate for a
severe hurricane. The radiation heat sink was small compared to the
oceanic source so that the system was "open" within the confines of
the study. If all ascent took place in the hard radar echoes, the
mean vertical speed there was gbout 7 meters per second. Without
such localized ascent, heat balance could not have been achieved.
Heat budget computations permitted assessing the fraction of mass
flow reaching upper levels in undilute "hot" cumulonimbus towers and
estimation of the number of such towers required, to compare with
previous photographic studies. Hot towers proved to be the dominant
mechanism of raising warm air to upper levels, particularly in the
inner core. However, because of the high level of non-divergence
the constraint known as ventilation was active. It is shown not to
have been a severe deterrent upon Daisy, nor was it the reason this

did not become an extreme storm.
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Kinetic energy balance was obtained readily on the first day.
Import of kinetic energy through the outermost radius was small, so
that most of the energy dissipated in the interior was also produced
there by the pressure forces. Ground and internal friction were about
equal. The kinetic energy source shifted outward as the storm grew,
so that on the day of maturity large inward transport took pla.ce. The
internal source also increased but wind speeds failed to rise corres-
rondingly. Hence ground friction was inadequate to balance production
plus impbrt s and large internal dissipation had to be invoked. 'This
dissipation must be assigned largely to vertical eddies. If ascribed
to horizontal eddies, the coefficient of lateral exchange becomes so
large that momentum budget requirements cannot be fulfilled by a
large amount.

It is concluded from the study that the important mechanisms of
the hurricane core can be well represented in a two-dimensional
framework, provided the essential effects of the buoyant cumulonime
bus towers are properly introduced or parameterized therein. The
two-dimensional flow of mass is shown in relation to the fields of
heat, momentum, and vorticity. The law of conservation of potential

‘vorticity appears to be well satisfied along the stream tubes of the

mean motion.



1. INTRODUCTION

In a previous study Palmén and Riehl [22] calculated the budgets of angu-
lar momentum kinetic energy, and heat for a hurricane possessing a mean
structure as determined by Hughes [11] and E. Jordan [13] from Pacific Ocean
data. Because of the sparse and umeven distribution of observations, which
were usually almost entirely lacking in the innermost 100 nautical miles,
analyses had to be confined to the peripheral regions of a composited "mean
hurricane.” It has been of much interest to repeat this experiment in the
core of an individual hurricane in various stages of development. The air-
craft program of the National Hurricane Research Project of the U, S. Weather
Bureau (hereinafter referred to as NHRP) was designed with this as a major
part of its purpose. Here, we carry out, from their data, a budget study of
the core of hurricane Daisy, 1958, with several definite objectives in mind.

Preliminary results from the NHRP program pointed to the vital importance
of the core region, and, in particular, to highly concentrated convective pro-
cesses within it, in the development and maintenance of the hurricane engine.
It is commonly within the inmost 50-100 n.mi. that the extreme pressure gra-
dients are generated which are responsible for the furious winds. In a semi-
theoretical model, the writers (Malkus and Riehl, [19]) showed that establish~-
ment of these pressure gradients requires both an enhanced oceanic heat source
and, concomitantly, a means to raise surface air of increased heat content to
great heights; the latter condition apparently is the difficult one to meet.
To achieve this, a selective buoyancy or "hot tower" mechanism was suggested
(Malkus [17]), which has received support from cumulonimbus dynamics and photo-
graphic cloud measurements in hurricane Daisy (Malkus [18], Malkus, Ronne,
and Chaffee [20]). We postulated that all, or nearly all, the mass reaching
great heights in the core ascends rapidly in a few nearly undilute convective
"hot" towers, rather than by a uniform and gradual "mass circulation.” Now we
wish to inquire whether these processes are consistent with and deducible from
the azimuth-averaged thermal motion, and energy structure of the actual storm
core, and to test the predicted relationships of the model in the framework of
the overall storm budgets computed from the NHRP wind, temperature, and mois=-
ture data. What are the roles of the various scales of motion in establishing
the budgets of the core? If the important processes are in fact concentrated
into restricted convective regions, how much usefulness or meaning does an
azimuth-averaged picture possess? Can it serve as a basis for developing
numerical or theoretical models of predictive ability?

The rarity of the hurricane phenomenon and its development only under
specialized synoptic conditions also suggest critical relationships to be
sought between the core of an incipient storm, its periphery, and the sur-
rounding large-scale circulations, both normally as brakes and exceptionally
as brake releasers or vortex initiators. "Ventilation" by cooler, drier out-
side air has been postulated (Simpson and Riehl [30]) as a brake; tropical
disturbances which fail to become hurricanes are frequently found to suffer
cross-flow of mid-tropospheric air of low heat content. Whether removal of
critical brakes is adequate to start a hurricane, or whether ome or more spe-
cific destabilizing mechanisms are also necessary has remained conspicuously
unclarified, although forcing by external circulations appears indicated in a

majority of cases. Some workers, for example, have advocated the possible
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importance of lateral eddy momentum transports in the deepening process. A
basic question is whether or not these, or other, asymmetrical interactions
are vital and at what stages, or whether the key features may be modeled in
simplified symmetrical coordinates through all or a major part of the storm's
life cycle.

Fully adequate data to resolve these questions are not yet available.
Nevertheless, in spite of many shortcomings, it is considered worthwhile to
present computations from the NHRP's Daisy flights as a "lead off" in the
quantitative description of a hurricane's internal mechanisms. Several suc-
cessive days of multi-level records on a single storm, from incipience to
maturity, is a monumental and not readily reproducible observational . under-
taking. Our aim is to make the most of this achievement by treating those
aspects of the questions to which the data are best suited; we can thereby
assess the magnitudes of some of the interacting processes and scales of mo-
tion at more than one stage in a single hurricane's life cycle, with the hope
of determining which are most vital and which may be parameterized or possibly
ignored. Although it must be stated clearly at the outset that these results
are tentative, and subject to revisions by future measurements, their very
inadequacies may lead to more fruitful and penetrating questions to be pur-
sued with improved observational facilities as these become available.

Hurricane Daisy began to develop in the Bahamas on August 23-2L4, 1958,
and had not quite attained hurricane intensity when it was first penetrated
by NHRP aircraft on August 25. During this and subsequent days numerous
research flights were conducted; Daisy's track is shown in figure 1. Here we
shall treat August 25 when the hurricane was immature and growing, and August
27 when the winds reached their peak of about 115 knots in the middle tropo-
sphere, when the surface pressure was below 950 mb., end when steady state in
the moving system was attained as nearly as can be expected in actuality.

The research aircraft of NHRP and their instrumentation have been desecrib-
ed elsewhere[10]. Prescribed flight patterns, in a form resembling boxes about
the storm center or leaves of a clover radiating therefrom, were executed. The
data_are presented by NHRP as a function of coordinates relative to the moving
storm center, from its radar location, as well as in latitude and longitude.
Analyses of the Daisy wind, temperature, and humidity data have been prepared
by Coldon et al. [2]. Cloud maps were constructed from the aircraft nose cam-
era films by Malkus et al. [20], who have discussed the sampling problem
posed by the relation between the flight paths and the cloud patterms. Stud-
ies of the airborne radar in Daisy were made by those authors and also by
Jordan et al. [12]. In this article we shall be concerned mainly with the
three-dimensional distribution of wind, temperature, moisture, and height of
isobaric surfaces. At each flight level, averages were constructed of each
property to determine its mean distribution with radial distance and azimuthal
departures from this mean. On August 25 extensive tracks were flown at. 830,
560, and 237 mb., with additional legs at 960 and 915 mb., so that distribu-
tions throughout the troposphere were readily constructed for the inner 100 n.
mi. On August 27,the flight altitudes were 620 and 247 mb., so that more ex-
trapolation was required. Surface ship observations, composited with regpect
to the .center over l2-hour intervals, supplemented the aircrart da.ta., however,

on August 27 no ships were situated inside the 100-mi. radius.



2. THE MASS BUDGET

In an analysis of
hurricanes it is logical

to determine the flux of x—
any property through cyl- ° 30/00
indrical walls  concentric

about the core. We shall
adopt a quasi-cylindrical
coordinate system 6, r,
p, centered on Daisy,
with velocity components
u, v, w, respectively.
The radius r is taken
positive outward and O,
the azimuth angle, posi-
tive counterclockwise.
Flux of any property
through the vertical
walls of the cylinder may
be brought about by the
mass circulation flowing
in at low levels and out
at high levels, and by
asymmetries of property
around the cylinder
acted on by the radial

X
292

29/00 TRACK OF
HURRICANE DAISY
AUGUST 1958
(GMT)

. 24/10
wind components. As a p) .
first step in flux cal=- "’ L S
culations, mass balance S\
must be computed. % =
For this purpose it °%

should be noted that even
in strongly deepening
cyclones the change of
mass inside a given cyl-
inder is so small that

it is fully within range
of error of the wind measurements and must be neglected. Hence mass balance
must be obtalned by setting

Figure 1. - Track of hurriéa.ne Daisy, August
2""-28’ 1959.

Py
S vdp = 0 (1)

where po is the surface pressure and Py = 0, alternatively the pressure at
the top of the storm, if such a place can be found. In practice Py does
exist and may be defined as the lowest pressure to which buoyant clouds will
mainly penetrate from the surface layer. From cloud observations (Malkus et
al.[20]) and buoyancy calculations Py ~~150 mb. (about 47,000 £t.) on August

25 and Py~ 100 mb. (about 54,000 ft.) on August 27. Above Py the circulation
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should be quasi-steady.
That this is likely to be
the case has been shown by
o . many radio-wind ascents in
tropical storms in several
. . oceans. The stratospheric
easterlies remain undis-
turbed as far as one can
tell (Riehl [25]). Groen-
ing [9] has demonstrated

. . this steady stratospheric
flow field for August 25

. . in the periphery of Daisy.
No radio-wind data, of
course, existed in the
central region. There PH

. . must be assumed, but the
. . . cloud observations
’ . strongly support the val-
o . . idity of the assumption.

. The procedure for
¢ ° determining mass balance is
. as follows:

. l. The v-field is

Figure 2. - Grid sample for hurricane calcula- avai{:‘ﬁgea;l:’:;t
tions; azimuth 30° interval; radial inter- levels
val arbitrary, usually taken as 10 n.mi. ’

2. The analysis is
tabulated on a
polar grid (fig.2).

3. v is computed at each radius, where the bar denotes averaging with re-
spect to the azimuth angle.

b, v is plotted against pressure on each radius and a profile is drawn.
From this profile values of v are determined for layers of 50-mb. or
100-mb. thickness and summed from Py to Pye

.Accord.ing to equation (1) the sum must vanish.

Given enpugh flight levels and reliable data, there should be no problem
in satisfying equation (1). In actuality, analysis of the v-fields turned out
to be a difficult task so that the v-values are not stable. Contrary to early
expectations the v-fields have not always shown consistent patterns along in-
dividual flight legs, triangles or boxes. Further, an aircraft recrossing a
point where it had been earlier, often yielded a v-value different from the
first one, at times even with opposite sign. Several possinle reasons may be
eited for titese difficulties: |

[



(a) Errors in wind measuring equipment or evaluation. Since the v-
component is the weak flow component it is sensitive to such errors.

(b) Errors in center fixing. Unfortunately a hurricane seldom yields
a precise point which may be taken as the center, but there is a flat area to
which a center must be assigned. This affects v, especially at small radii.

(¢) Errors in estimating storm propagation. In order to obtaih a
"synoptie" picture, the information gathered on successive flight legs must
be "composited" with respect to the moving center. Hence its propagation rate
must be known. While the mean 2h-hour motion can be estimated quite accurate-
ly, this does not always hold for small time intervals such as 1 or 2 hours.

(d) Traveling micropatterns within the general envelope. Motions with
the scale of the convective bands are quite active, and this motion may be
unsteady in time and space. Compositing of flight legs which are successive
in time, cannot readily take account of such transient small-scale features.

(e) Time changes of the whole vortex. On August 25, for instance, Daisy
was deepening while the aircraft remained in the storm for 8 hours or more.

In view of these data problems it was necessary at times to meske consid--
erable compromises in analyzing the v-field; at other times a good fit could
be obtained quite readily.

Surface inflow: For the purpose of determining thé surface mass flow, ship
reports were composited for l2-hour periods with respect to the moving cen-
ter, i.e., three 6-hour charts plus intermediate data were combined. These
reports, also far from homogeneous, were first averaged over areas with ra-
dial length of 60 n. mi. (1° latitude) and arc length of 30°. Inside the 1°
radius an attempt was made to average over shorter radial lengths, where data
were sufficient to permit this. On August 25 flight data at 960 mb. were used
for this purpose. Then an analysis was performed with smoothing and v was
computed for different radii. Next the quantity v x r, which is proportional
to mass flow, was plotted on graph paper and smooth curves were drawn.

Figure 3 portrays the rise of surface mass inflow from the early stages
of Daisy up to the time of maturity. An orderly increase took place day by
day as the storm deepened. Central pressure and maximum inflow thus were in-
versely correlated; the regression found by Krueger [15] on six previous
Atlantic hurricanes held well. The size of the storm increased with its ine
tensity. On August 24 and 25 the limit of mass flow was situated near the 5°
radius, and average convergence was confined to a belt about 100 n.mi. wide
around the center. On the last two days tremendous expansion took place. The
hurricane boundary could no longer be ascertained; maximum inflow occurred
200-300 n. mi. from the center just as in the hurricanes treated by Krueger.
Hence the mass flow was convergent over the entire immer area (cf. also Malkus
and Riehl [19]). On August 26, ships were still traveling near the cyclone
center, but on the 2Tth the innermost point to be obtained was at the 2°
radius. From there the mass flow profile had to be extrapolated inward. While
the precise course of this curve is uncertain,its general character probably
is reliable.
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Mass transport diagrams: The v-value for the surface and the flight levels

were entered on diagrams of v X r against pressure on a linear scale, and
curves were drawn as illustrated in figure I for August 25. Then v x r was
tabulated over layers of 100-mb. thickness up to 200 mb. and in 50-mb. steps
higher up at each radius; mass at pressures greater than 1000 mb. was neg-
lected. As pointed out, the sum of these values should vanish after proper
weighting. This condition was closely met by the curves at the 20 and 40 n.
mi. radii in figure 4. At the three outer radii inflow exceeded outflow, and
some downward revision of the inflow was made. It is probable that the 830-mb.
level gave too much indraft. At 560 mb., all values were so close together
that a band rather than a series of five points has been entered in figure ,
Analysis at this level was particularly difficult but the net result, as also
on other occasions, was that light inflow prevailed. Thus the level of non-
divergence was located near 500 mb., a higher altitude than previously ex-

pected.

From curves as illustrated in figure 4 mass flow diagrams were construct-
ed (figs. 5-6). A few irregularities remain, but in general vertical and
lateral consistency is good. On August 27 the inflow extended upward to about
500 mb. as on August 25, but the percentage of the inflow taking place in the
surface layer increased from one-third to one-half. Thus, while the middle
troposphere is revealed as a constraint upon the hurricane by means of the

- "yentilating" mechanism, the basic statement still stands that the principal

inflow must occur in the surface layer in order for a hurricane to occur (see
end of Section 6).

Figures 5 and 6 are not meant to imply uniform radial and vertical mass
flow in each of the rings. It has long been known that the radial velocity
component at the surface is not symmetrical at any radius. In a statistical
treatment of North Atlantic hurricanes of 1954~55 Ausman [1] demonstrated that
a large sector with outflow usually exists, even in quasi-stationary cases.
Most flight data contain similar asymmetries. Further, from radar observae
tions and cloud photography, the mass ascends in rather narrow bands covering
only a small fraction of a hurricane's area. Malkus et al. [20] pointed out
that the area covered by "hard" radar echoes on August 25 was 6 percent as
far out as the 55 n. mi. radius. If all ascent at the level of non=divergence
(500 mb.) took place in an area of the size of the hard echoes, the average
vertical velocity in the bands was T.2 m. 8 csl inside the 20-mi. radius, 3.2
m.sec.~1 from 20 tq 40 mi., and 1.6 m.sec.”™ from 40 to 60 mi., a quasi-
logarithmic decrease illustrated in figure T.

3, THE TOTAL HEAT BUDGET AND AIR-SEA EXCHANGE
Introductory comments: The heat export from any cylindrical volume is close-
“ly given by ‘
d;
div(H)= J z+cT+ c do 22,
e { | (e v s me, at

Here div(H) is the integral of energy flux divergence, g the acceleration of

gravity, z height, cp specific heat at constant pressure, L latent heat of



condensation, q specific humid- 10F Mean vertical speed
ity, T t:mperr:zm» <, t:e wind ol radar bands at 500 mb
component no to the bound~-
ary and o the surface of the Br AUg 25, 1958
cylinder. On the right side
the first term denotes potential 7
eriergy (in heat units), the
second enthalpy, and tne third 6k
latent heat energy. We shall
define
5-

Q=gz + cp’l‘+1q.

For a total energy budget kinet-
ic energy should also be inelud-
ed.Its contribution to the heat 5
budget, however, is very small
compared to that of the other .éé
energy forms, and it will be 12 3
considered separately later on.
Since we are interested in
fluxes with respect to the mov-
ing center, we shall let the
cylinder travel with the storm
and denote variables measured 2r
in the moving coordinate sys-
tem with the subseript R. With
this definition, continuity de-
mands that

(2)

oQ* _
EE; = -div (H)+Q QsR R

Here the star denotes values | A |
integrated over the mass inside ! 20 20 80
the cylinder, and the heat .
source S=Q +Q8R aR’ where r (n,ITH)

Figure T. - Distribution of mean vertical
Qg 80d Q p are latent and velocity with radius, assuming that all
. ascent takes place in an area comparable
:zzézgl:iifazngr;nsf:: i;:m to that of the radar bands. Note this
aR special definition of the bar over the w.
net tropospheric radiational :
heat loss. The subscript R
will hereafter be omitted from the source and sink terms.

The change in total heat content (equation (2)) is brought about by
changes in latent heat content and in (gz + cpT). Thus:

9
g-g (gz + ¢ T)* = -divp(h) + Q5 + LP - Ry, (3)
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dg* _
L gfﬂ; = -aivy (Lo) +q - IP. (%)

Here P is precipitation, and divR(h) + divR(Iq) = divR( H). Equation (4) per-
mits later calculation of & separate moisture budget, including precipitation.

Observations of heat and moisture: For the purpose of determining the fluxes,

data on temperature and height of the isobaric surface (altimeter correction
D) were available at all flight levels; in addition, dewpoint temperatures
(T,) were measured on several of the lower-altitude flights. Temperatures and
dewpoints at ship's deck level, also sea surface temperatures, were composited
on August 25 and, as far as possible, on August 27 from the file of ship re-
ports already mentioned and from 960-mb. flight data on August 25. Analyses
of T, D, and T, were performed on each flight level and tabulated on the grid
of figure 2. Q'hen T was converted to specific humidity q, and T, D, and q

were computed at lo-mi.. radial intervals on each flight level. The bar de-

notes the azimuthal average. Next T was plotted on tephigrams at radii of

10, 20, 40, 60, and 80 n.mi.; curves of best fit were drawn to represent mean
vertical soundings. These curves were extended beyond the B-47 flight level
until they intersected the radiosonde ascents of the northern Bahamas. The
specific humidities were treated similarly as far as possible; when these data
were not recorded, the relative humidity was assumed to be 90 percent.

Several results were slightly awkward, especially in the middle tropo-
sphere , where temperatures frequently were 1°-3°C. cooler than expected, and
the specific humidity at times exceeded saturation values. Possible causes
of the low temperatures - especially whether real or instrumental - have been
debated since the inception of these measurements. No satisfactory explana-
tion.is at hand, and it remains for new observationael programs to apply con-
clusive tests. For this paper the uncertainty is not of decisive importance.
In order to avoid excessive vertical instability below, and stability above,
the flight levels between 500 and 600 mb., T was raised 1° - 2°C. on several
occasions. The supersaturated dewpoints were disregarded as most likely due
to observational shortcomings. If this procedure was unwa.rranted, some re-
vision of the heat flux calculations will become necessary. This would not
,affect the general nature of most results, particularly on August 25 when
these difficulties arose only rarely.

Figure 8 illustra.tes a sounding in which hardly any adjustment of
temperature was needed. Ship data in the surroundings of Daisy gave 26° -
27°C. at pressures of about 1010 mb. At the 20-mi. radius, surface pressure
was estimated as close to 1005 mb. These data, plus the adiabatic assumption,
established the lowest point of the hurricane sounding of figure 8. From _
theré a dry-adiabe.tic lapse rate can be drawn to the measured point at 960 mb.
vhich agrees with the general observation of dry-adiabatic conditions in the
subcloud layer. The 960 mb. flight leg was chosen because the cloud base was
situated near this pressure in the interior of the storm; the airplane flew
Just underneath the clouds., With the top of the subcloud layer near 960 nb. ,
a change in lapse rate should be expected very close to this level. This is ‘
borne out by the points at 915 mb, and 830 mb., Omitting three excessive dew-'
points, the whole temperaturé curve is readily established. Above 500 mb.
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Figure 8. - Tephigram showing composited sounding for Daisy on August 25 at
the 20-mi. radius and the upper portion of the ascent at the nearest
radiosonde station., Light dashed curves are moist adiabats. Ocean sur-
face temperature, To , from ship reports was 28°-29°C.

the sounding was 2°-3°C. warmer than the nearest ascent in the Banamas. The
top of the warm layer was situated near 150 mb. which agrees well with the
measured height of cloud tops (Malkus et al. [20]). Below 500 mb. the lapse
rate was slightly greater, and above 500 mb. it was slightly more stable than
moist-adiabatic. Such a structure is reasonable. In the low and middle
troposphere ventilation - to be discussed later - prevents the lapse rate from
becoming fully moist-adiabatic. In the upper troposphere release of latent
heat of fusion plus outward spreading of air which has ascended in the inner
core (with equivalent potential temperatures up to 360°A) produce the small
stability with respect to the moist-adisbatic ascent.

As & further test, the sounding of figure 8 may be checked for hydro-
static consistency against a vertical D-profile obtained independently from
the aircraft's absolute altimeter. For this calculation the height of the
250-mb. surface was taken equal to the height of this surface as determined by
radiosonde in the Bahamas. Agreement between D-values as calculated and as ob-
served by the aircraft was well within the range of measurement errors.

For the lateral flux calculations it is most convenient to utilize values
integrated over the same pressure intervals chosen for figures 5 and 6. For
vertical fluxes, means over areas between two radil are needed; these will be
denoted with a wavy (~) bar. Tables in the Appendix contain all necessary
auantities for lateral flux calculations on August 25.and 27. Since on the
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latter day only two missions were flown, the entire lower troposphere had to
i be interpolated. Hence the margin of uncertainty for all computations is
| greatest on this day.

Iocal changes of heat and moisture: The magnitude of L 3q*/dt, in equation

(4) can pe estimated from the moisture data in table A2 (Appendix). On

3 August 25 the precipitable water content between the center and the 80~mi.

m radius, area~weighted, was 5.6 gm. cm.”2; by the 27th it had risen to 6.5 gm.
u cm.'a. This corresponds to a heat increment of 2,1 x .'!.0]'2 cal.sec.-l which
f proves to be about one-third the source term and an order of magnitude small-
er, relative to net advection. From table A} the change in ¢ T + gz content
between August 25 and 27 comes out 0.85 x 1072 Cal.sec.'l, orpeven smaller
than the moisture change. On August 27 the cyclone attained maximum develop-
ment, so that local change with respect to the center presumably was nil.

i Lateral eddy transports of moisture and heat: The lateral component of flux
i divergence of a property N is determined from the radial transports

f ff FV-R;‘GO%B=II 'ﬁv‘eregR-n-ff .ﬁ"?r"_;rdeiﬂ (5)

|

1

f where the first term on the right gives the transport by the mass circulation
il

1

and the second that due to asymmetries around each cylinder. Asymmetries
with respect to © are denoted by primes and the subscript R has been omitted
in the first term because v = VR For evaluation of the eddy contribution
il

i only three flight levels were available: 830 and 560 mb. on August 25 and

i 620 mb. on August 27. The uncertainty concerning data is such that a fully

T reliable determination cannot be made. Values of the eddy transport of mois-
ture and heat, as obtained on the 80-mi. radius are listed in Teble 1. It may

be noted that a moisture transport of 1 kt. x g.kg.'l over a layer of 500-mb.

thickness gives 1.k x .'I.O:"2 cal. sec.-l and that a heat transport of 1 kt.x°C.

i ' corresponds to 0.6 x 1012 cal, sec:.-l at the 80-mi. radius. Eddy fluxes of

this order have the same magnitude as the loecal changes and are much smaller
than the flux due to the mean motion,

e EamTEMmLE s

Total heat balance: In evaluating equation (3) then, aQ*/atR may be set equal
to zero. Then the total heat source S= Q + Q - R is given by the net trans-

port of heat through a cylinder. Figures 9 and. 10 contain the lateral flux
data and also the net heat source over areas with radial distance of 20 n.mi.
as determined from div, (H) The quantity Q Q + Qe is obtained by setting

Q, = aiv(E) + R, A

Ina ‘hurricane the main radiational surface presumably is transferred to the .
‘top ofthe outflow overcast which, as shown by cloud photographs, is very thick K
and may be assumed to act as a black body radiator in the first a.pproximation. ;




Table 1. - Eddy moisture and heat fluxes
— ———

Aug, 25 Avg, 25 . Aug. 27
830 mb. 570 mb. 620 mb,
V'R q' (kt. x g.kg:l) 0.7 -1.5 - 0.7
Y'R'T' (kto X °C.) "0.1 "102 -205
’u On August 25 the B-4T7 was quite close to the top of the thick cirrostratus a.t‘

temperatures near -40° C., so that the cooling was about 0.2 ly. min."l on

2.7 x 10'2cal.sec.™ inside the 80-mi. redius if all incident sunlight was re-
flected. This corresponds to a mean tropospheric cooling of 1°C. per day

which appears reasonable and was adopted for estimating Qa' It may be noted
that there is a good chance that the net radiating surface was situated at a

lover temperature on August 27. If so, the radiation cooling would have been
even smaller on that day. At an effective radiation temperature of -60°C.,

for instance the cooling is 0.17 ly. min'.'l Thug the hurricane outflow over-
cast, when thrust upward to high levels, protects the warm core.

From figures 9 and 10, Qa was nearly twice as large as S on August 25,

whereas the difference was small on August 27 and would be smaller with the
assumption of & still higher and colder radiating shield. It should be noted
that the value of S is uncertain to the extent that there are eddy transports
of Q. As shown before, the eddy flux may be neglected in separate moisture
and heat budgets. But the net energy export by the mass circulation is a small
difference between the import of latent heat and the export of gz + cp!l'. It

is possible to visualize an eddy flux of the same magnitude. Due to data une
certainties and insufficient number of flight levels » this subject cannot be
pursued further. The reasonable results in our next section on sea-air ex-
change suggest that this unknown eddy heat flux is not large.

S e e N

The oceanic source and air-sea exchange: We should now like to be able to
divide the total oceanic source into its latent and sensible heat contributions
in order to complete an independent moisture budget. We should also like to
examine the oceanic exchange requirements to compare with the model of Malkus
ane Riehl{19] and to assess a drag coefficient for later use in constructing
Daisy's momentum and energy budgets. All these objectives may be achieved if
the exchange coefficients for the flux of heat, moisture » and momentum from
ocean to air are identical. According to Priestley[23] this will hold at very
small Richarson and "Richardson "flux numbers. The letter may be defined as

gQB
Rlp = = <7 % oufoz
¢ cp 0
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By use of Q =0.5x 10'2cal.sec.'l, "L’o = 10 dyne an.'a, du/dz = 20 m.p.s.

10 m.”t » R1.~3.5 x 1072, Retrospectively, our exchange calculations show

Ri P never exceeds twice this value in Daisy. The Richardson number Ri~%- :!,0'5

for an air-sea temperature difference of 2°C. and wind shear as above. It

appears that the criterion is well met. With this, QB/Q can be determined
from the Bowen ratio e
T

O _ a B Ta.

9% - 9,

vwhere the subscripts "0" and "a" refer to the sea surface and ship's deck
level, respectively. On the 25th , the ship reports gave '.l‘ = 28° - 29° C. so

we have taken T. = 28.5°C. and T, = Ta. = 2,5°C. On August 27, ship reports

I'B=

b‘l,do

(o} 0

were lacking; we have taken ’1‘0 = 28°C. and ‘1‘0 - Ta. = 2°C. since the storm

center was sbout 150 n.mi. farther north. The drag coefficients, ¢y, are
computable alternatively from either of the well-known exchange formulas

P, cpu (1‘o - Ta.)

>' a® :b' o°

pLeyu (q)-q)

vhere A is the ocean surface area, and u, is the wind speed at ships' deck
level. The specific humidity at the ocean surface, Q,, vas found (using
tables) from the saturation q at the sea surface temperature, while the qa's
were taken from table A2, which gave values consistent with cloud base at

about 970-960 mb. throughout. Table 2 shows the components and results of the
exchange computation.

Except for the innermost radial interval on both days, the Cp 's of table

2 are slightly smaller than careful experimental determinations (Dea.con ’
Sheppard, and Webb [3]) would lead one to expect. According to these authors,

drag coefficients of 2.2 - 2.5 x 10 =5 vere indicated for winds greater than
o

10 m. sec'.'l, with about 1.k x 10"3 for normal trade-wind speeds of 6-7 m.sec.
The smaller coefficients of table 2 may be due to omission of a small eddy Q
export, or underestimation of the radiative sink, or other shortcomings of our
data or procedures. Nevertheless, in view of the limitations, the results of
the exchange computation are very satisfactory. The Bowen ratio averaged 0.18
on both the formation and mature days of Daisy, or 50-100 percent larger than
found by Garstang [6] in moderate tropical disturbances. The oceanic latent
heat source, relative to the normal trade, is up by a factor of 3-4 on the
25th and 5-6 on the 2Tth, while the sensible heat source has risen by factors
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A, August 25
p = 1.2 x 10 T, = 28.5°C.
: Radial Interval (n.mi.)
fic 0-20 20=40 40-60 60-80 80-100
Ji — =
i Q (x02ca1.gec.”™t) 1.7 2.1 2.1 2.1 1.6
[ a
{f T, - T, (°c.) 2.5 2.5 2.5 2.5 2.5
a - 9, (e-ke.™) 5.3 5.5 5.5 5.6 5.8
Ty 0.19 0.18 0.18 0.18 0.17
“” | A (x lo.lhcm.a) 0.43 1.29 2.15 3,01 3.87
! Q /A (oal.cn'.'asec?]‘) 5.32&10'2 1. 58::.10'2 0.83:;10"2 o.sgxlo"2 0.36x10"2
M g -2 -1 -2 -2 -2 -2 -2
it Q /A (cal.cm:Zsecs”) 0.63x10 - 0.25x10 - 0,15x10 ~ 0.11x10 ~ 0.06x10
i u (m.secs?) 23 17 13 1 9
e (x 10°) 3.8 2,0 1.6 1.3 1.0
i Area averages (0-00 n.mi.): -3
i | c. =1.7x10
n D -2 2 -1 -2
2 Qe/A = 1.0 x 10 “cal.cm. sec. or 864 cal.cm. per day
' QS/A = 0,18 x lO'acal.czn':asec:l or 155 cal.c:nfaper day
L B. August 27
e p = 115 x 107 T = 28.0°C.
il Radia) Interval (n.mi.)
| ) . 020" 20-40 40-60 60-80
i q,(x 107 Pcal.secT) 1.5 2.6 k1 5.0
i T -T (°C.) 2 2 2 2
i “ ' Y a -l
i % " % (8:kET) 3.9 -0 42 -
2 r 0.20 0.20 0.18 0.17
Ei B 1k 2
A(x 10" "em. 0.h3 1.29 2.15 3.01
Q /A (caloam.~2sec.”l)  291x102  Lox0™2  1.62x107° 1.42x10"2
q_/A (calocmZsec.”))  0.58x1072  0.33x10°2  0.29x10™ 0.24x10™2
v (m.sec':l) b1 32 29 25
e (x 10°) 2.6 2.0 1.8 LT
Area averages (0-00 D.mi.): -3
cD = 109 x 10
- -2 -2 =1 -2 .
Q/A = 1.65 x 10" “cal.cm. sec. or 1425 cal.cm. per day
Qg/A = 0.29 x lo'ecal.cn_.'asec:'l or 250 cal.cm:aper day

T :0118
8
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Figure 11. - Net latent heat import in troposphere as function of radius for
Daisy August 25 and 27, also for Hene (September 1958) at the 50-mi. radius
(denoted by the x).

of sbout 15 and 25, on the two days respectively. Even so, the oceanic source
is still somewhat smaller than that predicted by Malkus and Riehl [19] for
their model moderate stormes On the 25th, the net Q flux divergence was 55
percent that of the model, while it reached T8 percent on the 27th. Since
Daisy's low-level winds (area-averaged 0-80 nemi.) were on her maximum day
only 66 percent of the model, and the remaining parameters entering the ex-
change computations were closely similar, the results of the comparison are
consistent and encouraging.

4, THE MOISTURE BUDGET ARD PRECIPITATION

The lateral component of the moisture flux divergence may be obtained
from an equation like (5), neglecting the eddy term as found in table 1.
Figure 11 shows the resulting net latent heat inflow, which is made up of a
large import at low levels, and & very small export aloft.

To compute the precipitation within the storm core, we next convert the
latent heat source to evaporation rate (table 3). It should be remembered
here that evaporation is computed with respect to the storm center. Because
of the storm's propagation, the evaporation from any given ocean area was, of
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Table 3. = Moisture source

Aug. 25 Aug. 27

Radius of area covered (n.. mi.) 80 80
Total eveporative latent heat flux (x 10  2cal. sec:l) 6.8 11.2
Evaporation depths (cm.dayﬂl) ' 1.k 2.3
Ratio of source to transport through boundary (percent) 18 12

-

course, less. Table 3 nevertheless indicates the magnitude of water loss to
be expected from a fixed ocean area in case of a stationary storm. This is of
particular interest with respect to the calculation for August 27 which shows
that evaporation rose to high values as Daisy's intensity increased. Had the
storm become stationary for a day, measurable cooling of the ocean might have
occurred in view of the evaporation rate, hence the intensity of the hurricane
would have been adversely affected.

Equation 4 may now be solved for the precipitation as a residual (fig.12).
Both on August 25 and 27 the lateral gradient of precipitation was very large s
as expected, and could be represented as a straight line on semi-logarithmic
paper. In view of the rate of storm travel (average 6-7 kt.), a stationary
rain gauge passed by the center would have collected 4=5 in., on August 25 and
12 in., on August 27. Neither amount is excessive, especially since the storm
was rated by experienced meteorological observers of the research aircraft as
a very "wet" one.

5. VERTICAL HEAT FLUX AND THE ROLE OF "HOT TOWERS"

Given the lateral heat tramsport of figures 9-10, vertical fluxes can be
determined from continuity if there are no internal sources or sinks of Q.
This is not quite true because of the radiation cooling. An estimate for the
cooling of the whole mass has been obtained above, and it would be necessary
to assign & vertical distribution of this cold source in order to include the
heat sink for the vertical flux determination. This is difficult due to lack
of knowledge about the radiation cooling as a function of height, and it is
preferred to proceed without provision for radiation, especially as this
would introduce only minor modifications.

In an analysis of the equatorial trough zone, Riehl and Malkus [29]
separated the vertical heat flux into contributions by transport in "hot"
cunulonimbus cores, by recycling in thunderstorm downdrafts, and by "dif=-
fusion" through smaller cumuli in the manner of the vertical heat flux in the
trade-wind areas (Riehl et al. [24]). Since the air in the core of a hurri-
cane is very moist throughout, a means for setting up strong downdrafts is
lacking, and one would suppose that the second mechanism is negligible., If
80, only the hot towers should be active above 500 mb,, whereas lower down
the smaller clouds may make a contribution in the layer where Q decreases up=-

.....

ward, so that diffusion transports heat down the gradient.

A
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Figure 12. - Calculated radial distribution of precipitation for Daisy on
August 25 and 27.

The vertical mass trasport M through a given isoba.ric surface may be
divided z

M= M)+ (M, - M) (6)
where Mo denotes the mass flux which has risen from the subcloud layer, pre-
sumably in hot towers, and Mz - % is the mass which has entered from the

sides above the top of the subcloud layer. Let QO denote the heat content of

N
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Figure 13. - Vertical heat flux mechanisms.

the air with characteristics of the subcloud layer and Ef the area-averaged
heat content at any pressure surface. If all ascending mass not in hot towers
has the heat content Q, and if internal sources and sinks are neglected, the
vertical heat flux Hz through a given isobaric surface (cf. fig. 13) is

~
HZ-QMZ=MOQD+(MZ~MO)Q (7
Here @ is the mean heat content which must be possessed by Mz in order to

accomplish the heat transport prescribed by figures 9-10. It can be computed
from these diagrams and figures 5.6, Values of Q for August 25 are contained
in table 4A; none of these computations was carried out for August 27 because
of lower reliability of the deduced fluxes on that day.

Alternatively to equation (7), the vertical heat flux might also be ex-
pressed by

~ 4 o
Hz-Q’Mz+Q Mz

where ° denotes departure from the area average. As in the case of the equa~
torial trough study we prefer equation 6 to this formulation, because &
transport Q Mz does not occur at all and is merely a mathematical expression.

We believe that equation (7) gives Hz in terms of components which have actual
mechanistic existence.

Using mass continuity, we may solve equation (6) for M,

"

=M %0—:% (8)

At heights below the 500-mb. level this relation may be modified to allow for
diffusion QOM: by the widespread smaller towers. Thus

OF - uT Mg - (1, - ) 8 (9)

for the lower layers. This relation can be evaluated if it is assumed that
below the 500-mb. level there is no "erosion" of the hot towers; i.e. MO and

MyQ,.are constant between 900 and 500 mo. Table 4B-H shows the remainder of



Table 4, - Vertical heat flux calculations for August 25

Pressure(mb. ) Redial interval (n.mi.)
0-20 20-40 10-60 60-80 80-100
A. @} (ca.l.g:l) .
200 83.h 82.9 83.k 82.0 82.0
300 83.0 82.5 82.6 82.0 82.0
400 82.5 81.6 81.5 81.3 80.5
500 82.4 81.4 81.2 81.0 80.2
600 82.6 81.6 81.2 81.1 80.2
T00 83.3 82.0 81.k 81.2 80.5
800 8k, 7 82.7 82.0 81.5 80.6
s 900 89.5 85.6 8507 ) 82."‘ 80.7 )
. —_—r_———nm
B, Q (ce.l.g.l) ~
% 83.4 83.2 83.1 83.0 82.9
Area-averaged Q, = 83.2 cal.g;'l
R e B S mama———=,
g Cc ’Q“ - Q (calo go )
e : 200 0.85 0.6 1.3 0 0.1
' 300 1.6 1.4 1.7 1.3 1.5
;
400 1.5 0.9 1.3 1.k 0.8
f 500 1.5 0.8 1.0 1.2 0.6
: 600 2.0 1.0 1.0 1.1 Ok
g 700 2.4 1.4 1.1 1.0 0.k
':-: 800 3.8 2.0 1.5 1.1 0.3
! 900 8.1 b 3.0 1.7 0.2
- :: Do % - a" (ca-log‘:l)
’ 200 0.85 0.9 1.0 1.0 1.0
al 300 2.0 2.1 3.2 2.3 2,2
i koo 2.4 2.5 2.9 3,1 3,2
g 500 2.5 2.6 2.9 3,2 3,3
600 2.7 2,7 2.9 3.0 3,1
: 700 2.5 2.6 2.8 2.8 2.8
F 800 2,5 2.5 2,6 2.6 2.6
900 2.0 2.0 2.5 2.3 2.l
r : E. Fraction of vertical mass flux in hot towers (@ - 'Ci)/Qo - Q
200 1.00 0,67 1.0 ) ©0.10
300 0.80 0.67 0.T7 0.57 0.59
400 0.63 0.36 0.45 0.45 0.25
500 0,60 0.31 0.35 0.38 0.18

N LT £ P D R
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Table 4, - Continued
: Radial interval (n.mi.)
Pressure(mb.) . . 20-40 40-60 60-80 80-100

F. Mass flux rising in hot towers MO (lOllg.sec:l)

200 2.1 0.9 3.2 0 negligible
300 6.7 k.9 b, g% 4.8 2.5%
koo 6.7 4.9 L g* 5.6% 2.0%
500 6.7 4.9 4,6 5¢5 1.9
900-500 6.7 k.9 4.6 5.5 1.9
M,/A(900-500)

(emeen®)  15.6x107 385100  2.1x1073  1.8x10-3 0.5x10"

*alues slightly in excess of those for layer 900«500 mb. indicate limit
of computational reliability,

G. Percent of vertical heat flux carried by hot towers

M Mg,
MZQ Hz
Radial interval (n.mi.)
Pressure{ub. ) 0-20 2040 4060 60-80 80-100  Mean
Percent Percent Percent Percent Percent Percent
200 100 67 98 0 0
300 82 yal T 62 62 T
400 66 'y} 52 50 30 48
500 65 36 k2 45 23 ho
Mean 8 5 68 *52 *38

*omitting 200-mb. level

M

u -
H., Vertical mass flux not in hot towers Mz - MO (10 g.sec.l)

Radial Intervel (n.mi.)

Pressure(mb. ) 0-20 20-40 40-60 60-80 80-100
200 0 0.5 0 1.0 0.5
300 1.7 2.4 1.5 3.6 1.8
koo b1 8.8 549 7.1 6.2
500 4,5 10.8 8.4 8.9 8.4
600 3.1 9.8 8.3 8.9 8.k
700 1.0 7.0 6.9 8.2 Th
800 * 3,2 4,0 5.8 5.7
900 * * * 102 206

*Active turbulent diffusion
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the calculations for August 25. We see that § - 6 is positive throughout, as
expected (table 4C). Furthermore QO> @ everywhere except at 800 and 900 mb.

‘at the inner wall and at 900 mb. in the intervals 20-40 and 40-60 n;mi. (table
4A, B). This indicates that diffusion is very active up to about 700 mb. near
the eye and up to 850 mb. a little farther out. Beyond this convective core

%
and above TOO mb. near the eye Q M: proved negligible.

The ratio MO/Mz = (ﬁ' - “Q')/ ( Qo- 3’) in table LE is somewhat irregular but

in general decreases outward, as expected. Although the irregularities may
arise from our data, sampling, and computational deficiencies there was a clear
suggestion in the cloud mapping (Malkus et al.[20]) that within the core (r<£
100 n.mi.) convective activity was highly concentrated in the eye wall and
again at about 60 n.mi., with more tower-free spaces intervening. MO itself .

shows a rather uniform distribution with radial interval out to 80 n.mi.; t‘xov-
ever, the last line in table UF shows that per unit surface area, hot tower -
mass ascent was fantastically concentrated in the innermost core. Along the

vertical, MO remained closely constant in view of the buoyancy in the cumu-

lonimbus cores which permits the mass to ascend rapidly without much lateral
mixing. In contrast, the mass flow Mz - M (table 4H) with less buoyancy,

could not penetrate to the high troposphere; in fact, it diminished immediate~
ly above the level of non-divergence near 500 mb. In consequence of this dis-

tribution, the percentage of Hz carried by the hot towers increases upward and

decreases outward (table 4G). The hot cores thus play an ever-increasing role
as the center is approached, and they furnish the primary mechanism for heat
flux to the high troposphere. Nevertheless, there was no requirement on
August 25 that all rising mass go up in hot towers s nor was there any need to
introduce recycling. It may be suggested that the potential intensity of a
hurricane is related to the fraction of Mz channelled through the hot towers

and its current intensity to the magnitude of Mo These points are pursued in
the following sections. .

Number of hot towers: We may now compare the mass flux requirements in hot
towers (table 4F) with the observed number penetrating the upper NHRP flight
level (237 mb. or about 37,000 ft.) and with computations on the dynamics of
individual cumulonimbus in Da.isy.l From the latter, the ascent rate at this .
level of a buoyant element 4 km. in diameter was about 12 m. sec.”l The photo-
graphs discussed by Malkus et al. [20] and other evidence gave this as the
typical horizontal dimension of the penetrative towers on the 25th.

The upward mass flux through 237 mb. effected by one hot tower M'l‘ with an

area AT’ density pT, and rising at a rate WT therefore is

My, = oy Ay Wy, 2 6 x lOlog.sec.gl

L5ome of these calculations (for August 27) have been published by Malkus [18].
Similar calculations for the 25th, quoted here, are unpublished at the present
time.
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where Pp & 0.4 x 1073 g.cm. -3 + From table UF, the total mass flux M, within

100 n.mi. is about 15 x lOug.sec."l which means that 25 active hot towers at
& time are required within the storm core. The film measurements gave about
60 within 200 D.mi,, 80 that the agreement could hardly be better, allowing
for the fact that some of the towers photographed had ceased their actively
rising phase when counted.

It is also significant to note that, within 100 n.mi. on the 25th,_the
total mass in hot towers rising through the 500-mb. level was 23,6 x 1011 g

sec.'l or within computational error of the lateral mass inflow in the layer

ascent; this is Supported by evidence on August 27, By the mature day, in-
flow (at 80 n.mi.) in the 1000-900 mb. layer had increased over the 25th by
& factor of 56.7/17.5 = 3.25, while the number of penetrative hot towers
within 200 n.mi. was assessed from the photographs as about 200 » Or an in-
crease of a factor of 5.3 over the 25th! We shall explore some further
aspects of the relationships of hot towers to hurricane development and main-
tenance in the next section on ventilation,

6. VENTILATION

- Early computations of the mean wind d.istribgtion in tropical storms at
upper levels (E. S. Jordan [13]) indicated that v vanishes a few thousand
feet above the surface » 80 that most inflow takes place in the subcloud layer.
Later computations of the average wind field in Atlantic hurricanes (Miller
[21]) and of several but not all individual cases from research flight in-
formation (Simpson and Riehl [30]; Gengopadhyaya and Riehl [5)) as well as
figures 5 and 6 of this article » have shown that finite values of ¥ can occur
well above the subeloud layer and that the maximm inflow on occasion was
situated as high or higher than the 700-mb. level, at least at a radius of
several hundred miles. Since Q decreased above the subcloud layer in every
case investigated, such radial motion introduces lower values of Q (lower
temperature and/or lower humidity, mainly the latter) into a hurricane or
tropical depression, thus acting as a constraint on hurricane formation and
maintenance.

This advection » called ventilation » may be defined for symmetrical circu-
lations by )
Ve =M (Q - Q) (10)

where M:l is the lateral inflow above the mixed layer and Qi is its heat con-

tent. The principle of conservation of energy may be written for a volume as
depicted in fig. 1k

HEE g+ 2O AMQ -3 Amg, @)

where M is mass and use has been made of mass continuity in the form
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Figure 14, - Illustrating ventilation schematically.

n m

My+ 2 AM =2 AM =M
where the subscripts i and u denote inflow and the summations are made (gen-
erally at 100-mb. intervals) over the inflow and outflow layers,respectively.
At the 900-mb. level we shall assume undiluted upflow at the heat content of

the air in the mixed surface layer, which may include contributions by the
local oceanic heat source. Analogous to equation (7) we define

n A
Z_AM Q=N Q
m N
ZAMUQU.:MUQU
Then
Mg?t=mo%+miai-uuﬁu (12)

Ventilation may be introduced explicitly by adding and subtracting the
identity (10). Then

M gﬁ—: =m(q - 8) + ¥ (§ - Q) (13)
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The criterion for the growth of the disturbance is
Mo2%-4
7 g - &

(1)

For example, given QO - éu =1 cal.g--l and Q0 - 6.1 =2 Calog'-l, then the
disturbance will grow if Mi/MuA 0.5. From boundary observations all values
are given except QO which, when a large boundary such as the 5° radius is

considered, may be taken as the heat content of the inflowing trade-wind air.
In case of large mid-tropospheric inflow at the usual minimum of Qi there,
ventilation must act to weaken a storm.

For Daisy, the complete information is already contained in figures 9 and
10 and indeed the computation from equation (14) does not add to this informa-
tion, but merely helps to establish a simple picture. We find that MJ.‘/Mu =

0.65 at the 100 n.mi. radius on August 25; further Qi = 80.1 and Qu = 81.2
cal.gfl If the surface value of 83.2 cal.g.°l is used for Q, at 900 mb.,
then (QO - Qu)/(% - Qi) = 0.65. Within the limits of the computation, the

equal sign of equation (14) applies. This shows there is at least no tendency
for the enviromment to suppress the developing storm. Given an oceanic heat
source, it can maintain the existing circulation against radiation and provide
for some heat export and internal increase of heat content with time.

It is probable that the main utility of the ventilation calculation, as
formulated here in equation (1k4), lies in applying it at an outer radius, say
300 n.mi., to potentially formative situations. This will indicate whether
internal heating is strongly hindered. Given a mature hurricane, it will
show whether weakening is likely to set in through increase of ventilation
across the boundary of the calculation. In the case of Daisy where core data
vere available, we may explore the effects of ventilation in more mechanistic

detail.

Table 5A shows the individual terms in equation (11) for the 25th (bound-
ary 100 n.mi.) and for the 27th (80 n.mi.). On the former day we ‘took q, and
M, from table 4, and on the latter day Qo was assumed as 84.0 ca]..g.":L (see
Appendix table 8) and MO was taken as equal to the lateral boundary inflow be-
tween 1000 and 900 mb. On the 25th, the storm was gaining ground; the net
warming (ignoring radiation) is comparable to the oceanic source. On the 2Tth ’
it was barely holding its own.

We may next inquire what degree of constraint upon Daisy's potentigl
development was imposed by ventilation. It is interesting to note from figure
6 that on the mature day the total mass inflow at 80 n.mi. was almost exactly
equal to that of the model moderate hurricane of Malkus and Riehl [19] and yet
the winds, eye-wall surface pressure, and oceanic source fell somewhat short



Table 5. = Ventilation

A, Effect upon heat budget

14)

4 Date M '

oQ*/ot MQ, >_MQ 2_MQ
- i 12 -

Lues Unit: 10 ca.l.sec.l -

Aug. 25 - Actual +11.8 196.3 340.4 ‘ 52k.9

" Aug. 25 - No ventilation + 26.9 550.8" - 524.9
r.

Aug. 27 - Actual - 05 476.3 486.5 963.3
’ I Aug. 27 - No ventilation + 20.7 98k.0 - 963.3
) and ‘ B, Parameters and comparisons '
rma- ¥ .
= Aug. 25  Aug. 27
2 '~ Boundary radius (n.mi.) 100 80

‘ ~ -1
’ ; Q, (cal.g.™) 83.2 8k.0
1e | MO (g. secfl) 23.6x10u' 56.7xloll
}::cy i Increase in M for no ventilation (percent) 280 107
svide Increase in Q for no ventilation (percent) 18 41
as
‘say s of those they calculated. In the model ventilation was not considered, the
i ’ entering mass all arrived in the layer 1000-900 mb., and the vertical sound-

: ings at each radius were governed by wet-adiabatic ascent of subcloud air.

! : Therefore the hypothetical computation in table 5A was carried out; it places
lata ; all Daisy's inflow in the layer 1000-900 mb. and raises it in hot towers M,

; with heat content QO’ leaving the outflow unaltered. To raise the heat con-
wund tent of the additional inflow from its subcloud values at the boundary to Qg
and would require an enhanced oceanic source of only 18 percent on the 25th, but

of 41 percent on the 2Tth.
e
! be- Since the rate of warming MBQ*/atR , is more than doubled by this altera-
: ; tion on the 25th, and raised from a slight cooling to a significant warming on
2Tth, : the 2Tth, one might infer that Daisy would have become an extreme storm, were

1 only the constraint of ventilation removed. This, however, is not quite the

: case.

.gure Malkus and Riehl showed that the intensity of & hurricane is proportional
tly ; to the excessive heat content of the air rising in the inmost core. On August
‘ : 25-27, Daisy's vertical sounding at 20 n.mi. radius was somewhat cooler than

- yet . oo

7t prescribed by adiabatic ascent of surface air, due to introduction of the
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ventilation inflow at mid-levels. Thus, to assess how deep Daisy would have
been without ventilation, we made hydrostatic computations at the 20 n.mi. ra-
dius assuming now an undilute wet-adiabatic sounding at the heat content Q\')

for each day. On the 25th, the surface pressure could have been lowered 10-12
mb. by removal of the Q1 air and substitution of undilute ascent, while for

the 2Tth the figure is about 8-10 mb,

Using the dynamic relationships of the model, we find that on the 25th ’
this lowering of eye-wall pressure and the accompanying increase of wind speed
would readily have enhanced the oceanic source more than the 18 percent re-
quired to maintain the new subcloud inflow at the 25th QO’ thus allowing QO to

increase further and the storm to continue deepening, while this was not so on
August 2Tth. On the 2Tth, lowering of the eye-wall pressure by 8-10 mb. , Or
to the values for the model moderate storm, would have increased the inner

wind to about 57 m. sec.l » Or agaln just comparable to the model. With the
prevailing air-ses temperature difference, this wind increase would have per-
mitted the oceanic source to become just marginally large enough to maintain
the new status quo. In fact, the work of Malkus and Riehl (equation (42),{19])
suggests that the upper limit of development has been reached for this air-sea
property difference when innermost pressures are to be maintained by ascent of
subcloud air.

Thus while ventilation prevented Daisy from quite realizing its full
potential, which was approximately that of the model moderate storm, it can-
not be offered as the reason the storm did not achieve extreme intensity. To
do that, it would have had either to move over warmer water or been able to
lower the core pressure by some other means than hot tower ascent only, such
&s perhaps by an eye wall slanting outward over the inner rain area. We may
suggest, however, that ventilation may be the critical inhibitor in the devel-
opment in many or most cases from tropical disturbance to model moderate hur-
ricane. Whether a storm like Daisy could have continued to intensify beyond
August 25 had it not been able to concentrate an increasing percentage of in-
flow in the subcloud layer, and what permitted it to do this where other
storms fail are questions we raise for further hurricame research to explore.
We turn next to the motion field and kinetic energy budgets of Daisy as they
were actually observed.

T« THE KINETIC ENERGY BUDGET
The kinetic energy equation may be written
dK
Pt =@V VD+ V-

Here K is kinetic energy per unit mass, p density, V\ the horizontal vector
wind and ¥ the horizontal shearing stress vector. Further, it has been
assumed that all dissipation of kinetic energy takes place by vertical turbu-
lence, an assumption which will be examined further below. Equation (15)
will be integrated over a volume o between two concentric cylinders with use
of mass continuity. In the integration of the frictional term it will be

assumed that T = U g-z-y, where  is the coefficient of turbulent mass

T (15)
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exchange, and that at ship's deck level%’ =cypy VoV, where ¢ is the

drag coefficient, “Q) is the vector wind and VO its magnitude at this level,
Then
OK*
Ms = --SAanR do = J{“{' \7Tﬂﬂdp
R (]
S (16)
~ 3 v, 2
ey Py voAnlg,u(é—z) o,
if there is no transfer of kinetic energy through the top of the storm by

shearing stresses and the turning of wind with height is small through the
bulk of the hurricane.

Iocal change: The total kinetic energy was 0.6 x lolhkj. inside the 80-mi.
Tadius on August 25 and 1.3 such units on August 27. Since the flight data
for August 28 indicate that the storm was still %ﬁowing in energy between the
27th and 28th, a uniform growth rate of 0.k x 10* kj.day-l will be used. |

This corresponds to 0.46 x 10° kj.sec.-l or 0.1 x 107 cal.seci” in heat units;

L
about an order of magnitude less than M %%~ which itself could be neglected
R

compared to the heat transports and sources. Such a situation is usually

found in energy budget calculations. It must nevertheless be recognized that
it is this very small increment which is of greatest interest in hurricanes.

Kinetic energy advection: The transport of kinetic energy by the mass circu-

lation K M, is readily determined from vertical profiles of K and the mass
flow. But the contribution due to Vﬁ K' is difficult to assess because of the

few flight levels and date uncertainties. Table 6 shows the available "eddy"
transports. They are irregular in sign on the 25th and much smaller than on
August 27, wnen this transport was directed outward at both flight levels,
especially in the high troposphere. This suggests that the mass outflow took

- -
Table 6. - Eddy transport of kinetic energy,lOY kj.sec. 100 mb.l

Radius (n.mi.)

20 40 60 80

Aug. 25: 237 mb. - 2 - o P 1.9
560 mb. w 7 -3.5 -3 =1.T

810 mb. - .9 1.7 2.9 .

Aug. 27T: 247 mb. 1.9 k.2 23,2 31.0

630 mb. 9.9 pu T e i1 1L
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place in organized channels of relatively high speed. In order to obtain values
integrated over the troposphere some assumptions must be made. On August 25 the
arithmetic mean of the three flight levels was taken and applied to a layer of
800-mb. thickness. On August 27 the values measured at 247 mb. were applied to
a layer of 200-mb. thickness and those measured at 620 mb. to a layer of 600-mb.
thickness.

Table 7 summarizes the kinetic energy transports. Flux due to mass cir-
culation increased by an order of magnitude between the two days, largely be-
cause of the increase in mass circulation itself. On August 25 the "eddy"
transport was only a small fraction of that due to the mean circulation and is
best neglected, especially in view of the irregular distribution of signs in
Table 6.' On August 27, however, the "eddy" flux was about 25 percent of the
mean flux at all radii, and it opposed the transport by the mean circulation.
This contribution will be retained. But the limitations of the whole calcula-
tion in tables 6 and 7 are evident.

Kinetic energy source: In determining the source term only the contribution
by the mass circulation was evaluated. This term is readily computed within
the limits of accuracy of the mass circulation. Since the contours of the
isobaric surfaces formed nearly concentric circles, the contributions by

oD" 3D’ - oD’
Vé S and u' mmost likely were small. Thus, -fv : VDdAdP = -fv gr—dAdp.

The distribution of D is shown in figure 15 for August 25. As would be ex-

= oD
pected in a warm-core vortex, the negative D's (as also 3;) decreased upward

and outward. In the high troposphere the D-gradient was directed outward be-
yond the 50-mi. radius. Thus the main seat of kinetic energy production was

in the low levels where the mass flows in and the D~gradient was large. In the
layer 500-300 mb., and in the upper troposphere inside the 50-mi. radius, the
outflow did work against the pressure field. But, since the D-gradient was
sirall here compared to the low levels, the kinetic energy sink was much smaller
than the source. Beyond the 50-mi. radius, the circulation acted to generate
kinetic energy at almost all heights.

Tables 8-9 contain the kinetic energy budget. For August 27 four 20-mi.
intervals are shown. On August 25 values were somewhat more irregular, pre-
sumably because all energy transformations were much smaller; it is preferred
to show only two rggial intervals, for the inner and the outer region. The
unit chosen is 10~" kj. so thal the transformations may be compared with total

kinetic energy inside the 80-mi. radius (a1 x lolhkj.). Signs have been
chosen so that the positive sign denotes a contribution toward increasing
kinetic energy. The line marked "local change' refers to the change with re-
spect to the moving system as defined above. Evidently this term is very small,
and essentially we deal with a balance between production and advection on one
hand, and frictional dissipation on the other.

From tables T7-9 all terms, except the time change, have the magnitude of
total kinetic energy after integration over a day; on the 27th, in fact, the
total energy is replaced completely every 2 to 3 hours. This helps to explain
why the energy of hurricanes runs down very quickly in the inner core after
they strike land.



Table 7. - Kinetic energy transport (10 ergs sec:l)

4
Aug. 25: KV J.o7 kJ.sec‘.'l - 18.3 - 23.1 - 26.5 - 25.0
w 'K"'"v_ﬁ' 107 kg.sec?l - ko - 4.8 - 4.8 - 3,2
Total lolhkj.da.y'l - 0.2 - 0.2 - 0.2 - '0.2
Aug, 2T7: K v 107 k,j.sec'.'l -248 -394 -4k90 -496
K'v? 7 ' -1 .
i 10" kj.sec. 6l 94 | 106 149 .
Total 101hkj.da.y-l - 1.6 - 2.6 - 3.3 - 3.0
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i
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Ta.ble 8. - Kinetlc energy budget August 25 (lO kJ da.y-l)

Advection «20 .02 .22
Production 1.06 1.34 2.40
Iocal change .13 .22 «35
Ground dissipation .57 .81 " 1.38
Advection plus production 1.26 1.36 2.62
Local change plus

ground dissipation . T0 1.03 1.73

Left over for internal
friction .56 .33 .89

Ratio of internal to
ground friction 1.0 A

Table 9. - Kinetic energy budget August 27 (lolhkj.da.y-l)
Radius (n.mi.)

0-20 20-40 40-60 60-80 0-80

Advection 106 100 ’ 07 - 03 3.0

Production 1.0 2.0 1.5 1.k 5.9

ILocal change .1 .1 .1 .1 A

Ground dissipation .6 .8 .7 .7 2.8

Advection plus production 2.6 3.0 2.2 1.1 8.9
Local change plus

ground dissipation o T .9 .8 .8 3,2

Left over for internmal
: friction 1.9 2.1 1.k 0.3 5.7

Ratio of internal to
ground friction 3.2 2.6 2.0 A
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On August 25 advection contributed little to storm growth and maintenance.
Transport through the 80-mi. radius was negligible, so that in this develop-
ment stage the production mechanism in the interior was all-important. On the
2Tth, transport through the 80-mi. radius contributed no less than three units,
which is an order of magnitude larger than on August 25. From table 9, the
maximum transport actually occurred near the 60-mi. radius. Thus the energy
imported was made available almost wholly to the inmer zonme,

In contrast to the large increase in advection, production inside the
80-mi. radius merely doubled between the two days. Hence energy production
shifted outward as the storm grew, since presumably the three units advected
toward the core were generated mainly within the peripheral circulation. For
comparison, Palmén and Riehl [22] computed 4.1 units for production inside the
120-mi. radius for the mean hurricane, a value closer to Dalsy on the 25th
than on the 2Tth. All interest now turns on the question of the disposal of
the large amount of energy produced within the storm and imported toward its
core.

Dissipation in the surface boundary layer: From equation (16) the dissipation
of kinetic energy in the surface boundary layer is proportional to Vg averaged
over the area of calculation. This quantity was not available on either day,
and in fact it cannot be obtained from aircraft missions. Various studies of
upper winds, based on radio-wind and pilot balloon observations, have indicated
that V varies little with height from the surface to the middle troposphere.
Palmén and Riehl [22] actually assumed a slight decrease of wind speed from
950 mb. toward the ocean. For determination of ground friction in Daisy, uni-
form speed from the lowest flight level down was postulated. On August 25 the
legs at 960, 915, 830, and 560 mb. support this assumption quite well. On
August 27, the 620-mb. level was the lowest one flown, and the wind field ob-
served there must be assumed to be representative also of surface conditions.

An assumption must also be made about the drag coefficient, a subject
discussed by Palmén and Riehl and in Section 3 herein. The dependence of p

on wind speed, sea condition, and other parameters is a difficult topic and is
not yet solved satisfactorily especially for high wind speeds. In view of the
somewhat low values found for Daisy in table 2 and the uncertainties in its
calculation, a uniform value of cp = 2.5 x lO"5 was used in the energy and

momentum budgets, as the most probable value from previous investigations.
Should this procedure have been incorrect, it will be necessary to revise the
ground dissipation in tables 8-9 downward substantially. It appears certain,
at least, that this term has not been underestimated.

Granted the general accuracy of the ground dissipation calculation, it is
of interest that on August 27, and to a lesser degree on August 25, this dis-
sipation was nearly inaependent of the radius. Thus

‘ Vg r? = const (17)
for constant cp. Malkus and Riehl [19] found a similar distribution in a
semi-theoretical model. For a symmetrical vortex equation (17) becomes
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V. r =Vv.r = const.

(18)

Many calculations of the exponent x in equation (18) have been made in the

literature. Values between 0.5 and 0.6 have given good fit in a large number
of cases. In Daisy x = 0.55 verifies for August 27. Since
Vg >Vg ,a coefficient somewhat lower than that computed for the symmetrical

vortex should be expected; “the range 0.5 to 0.6 appears excellent. Thus there
is & suggestion of a general law in hurricanes: that dissipation of kinetic
energy in the surface layer is independent of distance from the center.

Internal friction: The most spectacular result of tables8 and 9 is the large
residual imbalance which developed between our two days and which must be
attributed to a great increase in internal friction. For the general circula-
tion it has been estimated that internal and ground dissipation may be equal.
This value was not exceeded on August 25 when, also, the ratio of internal to
ground friction decreased outward strongly as would be expected from the radial
distribution of turbulence elements.

On August 27 the ratio decreased outward as on August 25 and was reduced
to the same magnitude beyond the 60-mi. radius. In the inner zone the calcu-
lated values are so strong (though well in keeping with the character of the
type of circulation investigated) that the result must be considered as quite
tentative. Extensive investigation of other cases plus further observations
are requisite for confirmation. It is of interest, however, that the problem
of disposal of kinetic energy generated also arose in the hurricane model of
Malkus and Riehl [19]. In the kinetic energy budget (fig. 9 of their report)
the ground dissipation is comparable to that of August 27. Balance is made in
the lowest kilometer (the sole object of that study) by upward transport. If
the computations had been extended higher up, import plus production by pres-
sure forces would have had to be balanced by internal dissipation, and it is
likely that the required magnitude would have been as large as on August 27.

Thus the semi-theoretical work predicted the difficulty encountered in
Daisy. The possibility exists that an important contribution may be made here
toward understanding the limits of wind speeds attained in hurricanes by means
of a constraint which grows in relative importance with the storm. In the
following, possible mechanisms for achieving the internal dissipation will be
taken up.

Dissipation may be accomplished by vertical and/or lateral eddies within
the hurricane structure. An attractive possibility exists along the vertical.
As discussed above and also by Malkus et al.[20] in the cloud study of Daisy,
most ascent is likely to have taken place in narrow towers covering only a
few percent of the area. The vertical velocity then is large (fig. T) and in-
dividual elements may be expected to reach the high troposphere with little
loss of kinetic enmergy. In spite of the sampling difficulties, the high-level
NHRP aircraft encountered speeds near 80 kt. in Daisy and 95 kt. in Helene of
1958 at 240 mb. on just a few passes. These high-wind areas were very local-
ized. The suggested picture is that the high-energy stream reaches the upper
troposphere in narrow colums and then is brought rapidly in contact with



environmental air which hag already lost its energy by mixing and motion
toward higher pressure. In the course of this contact the high energy of the
fresh stream is given up to the low-energy surroundings, and this may be the
mechanism of the internal dissipation process. If 50, an Austausch coeffi-

-1 -1
cient of 103 g.cm. sec. would be required in view of the existing shears, if

one wishes to apply this form of turbulence expression. The value is not ex-
cessive under the circumstances » especially when it is considered that Riehl
et al.[26] required a coefricient of 500 g.cmrLsectt for momentum balance of
the average trades in the northeastern Pacific Ocean.

On account of the uniformity of wind with height below 500 mb. s the dis~
sipating mechanism just outlined may not be important there. Yet the small-
scale wind fluctuations are such that Judgment must be reserved. It should be
added that Gray(7] has computed strong frictional forces in the low and middle"”
troposphere in dynamical calculations. : '

Considering next the possibility of lateral stresses s We shall investi-

gate the radial stress of the tangential wind which is likely to make the
largest contribution. This stress

_ ou ., u
Tor A e *3 )
and its radial derivative
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where 4 is the lateral exchange coefficient for momentum and t. is the re-
lative varbicity of the tangential wind. Dissipation of kinetic energy by
internal friction (IF) of this character

%o d
IF=ff—'§3;-uaAEB (20)

This formula was evaluated assuming ,ég_ independent of height and neglecting

the horizontal correlations of 3‘1-'9' and u which mey be a substantial omission.
However, only an order of magnitude estimate is wanted for comparison with
previous calculations. Defant [4] estimated the coefficient of latitudinal
turbulent mass exchange to be 5 x 10 g.cmitsecTt for the heat balance of the
general circulation, and Grimminger [8] obtained & x 10° to 5 x lO7 from the
spread of moisture on isentropic charts. If the order of magnitude of A and
A in lateral turbulence is the same, then A . between 10° and 107 would be
reasonable. Table 10 contains the calculated coefficients for August 25 and

27, where a uniform density of 10~3 g.cm.”?has been used.
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Figure 16. - Transport of absolute angular momentum by mass circulation on
August 25.

Pable 10. - Coefficient of horizontal turbulent exchange ( /lr) Unit: 106g. cmfl

Radial interval (n.mi.)
0-L0 40-80
Aug. 25 0.7 1.5
0-20 20-40 40-60 60-80
Aug. 27 T.h 6.6 1.7 0.9

Values in table 10 superficially lie within the acceptable order of
magnitude range; they are also time and space dependent. On August 25 a uni-
form value of 1 unit is suggested within the limits of accuracy of the data.
The same value applies on August 27 outside the 60-mi. radius. In the inter-
ior, however, a strong rise in turbulence is indicated.

As a check whether the order of magnitude in table 10 is acceptable, the
momeatum budget will be computed in the next section. It will-be shown there,
what is not obvious from the energy calculations, namely that the large values
of /ar imply unreasonably large amounts of momentum transport outward, much
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Figure 17. - Transport of absolute angular momentum by mass circulation on
August 27.

more than can be ascribed to the range of error in our calculations. It fol-
lows that the high coefficients of table 10 must be rejected and that in all
likelihood internal dissipation of kinetic energy takes place by means of
vertical turbulence.
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One other aspect of the large internal dissipation should be brought out.

If all energy dissipated by this mechanism were to go into semsible heat,

aT
IF = cp T
where dT/dt is the mean temperature change of the mass M due to internal
friction. Of course, IF may go over into other energy forms. But, assuming
equation (21) to hold, we obtain temperature changes as shown in table 11l. In
the core, values are very large indeed. Of course, individual air particles
will seldom, if ever, remain there for a whole day. But if they merely stay
inside the 40-mi. radius for 12 hours, net warming of 1° - 2°C. can result.
This is the order of magnitude of the radiational cold source; hence in terms
of source and sink computations the effect is by no means negligible.

M, (21)

Teble 11. - Substantial temperature change (°C. da.y‘l) due to IF

= —
Radial Interval (n.mi.)
0-20 20-40 40-60 60-80
Aug. 27 4.0 1.8 0.8 0.1
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Figure 18. - Upper part: Transport of figure 16 repeated, also transfer to
ocean and residuals in circles on August 25. Lower part: total lateral
momentum transport, transfer to ocean and residuals.

8. THE BUDGET OF ABSOLUTE ANGULAR MOMENTUM

The momentum balance will be taken up in stationary coordinates, and
several terms will be omitted which arise when the origin of the coordinate
system is referred to a moving frame. Since storm propagation was very slow 3
this is considered to be a permissible simplification of a computational
system which otherwise would be quite complicated. The momentum equation s in-
cluding vertical and lateral stress terms, then is given by

2 T 3T
in d Iy 9 ) or
PR PE T g AT M 5 (22)
where a constant Coriolis parameter f has been used. With the continuity
equation p gél = agil +-‘7 * pQW . Neglecting §%§L and integrating

over the volume &

of
‘Lp_ﬂ,cndu = —jr '?;Od.A +,axf' 59- dof. (23)
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Figure 19. - Same as figure 18 for August 27, with intermediate line for eddy

momentum flux. Residual to be exported by small-scale eddy stresses shown
in line at bottom.

Here the advective term has been transformed to a surface integral over the
bounding surface, and it has been assumed that the stress vanishes at the top
of the storm. If the surface integral in equation (23) is evaluated between
two radii and from the ground to the top of the system,

jp_n_cndo =ff,n.vrd9 %g) -f/n.vrde %3_] ) (24)
o r2 I‘l

Contributions to advection arise (cf. Palmén and Riehl [22]) from the trans-
port of relative and of earth's angular momentum by the mass circulation, and
from the correlations of u with v and w. Figures 16 and 17 show the fluxes

due to the mass circulation integrated over the layers of inflow and outflow.
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Figure 20. - Distribution of surface stress in Daisy and comparison with pre-
vious calculations.

The transport of the earth's angular momentum makes no contribution to the

net balance. It is of importance, however, for determination of the vertical
fluxes. Figures 18 and 19 contain the same fluxes, together with the residuals
to be balanced and, in the lower portion, the net balance for the whole tropo-
sphere on each day. As in the kinetic energy budget, the correlation of u'

and v' contributed very little on August 25 and acted to transfer momentum out-
ward on August 27. The momentum flux to the surface was calculated from

jnéo‘m =f°n Po Vg0 Vo A (25)
where on the 27th the 620-mb. wind distribution was used to represent the

surface wind field as in the energy budget. Figure 20 shows the distribution
of 16 which is very similar to that of 2&0.

Transfer to the sea more than doubled between the two days; but it still
was well below that computed by Palmén and Riehl [22] for the mean hurricane
on the 27th., This is due to the fact that, as mentioned earlier, Daisy's
winds were much weaker than those of the mean hurricane. On the 25th the in-
ward transport of momentum by the mass circulation equalled the transport to
the ocean within the limits of accuracy of the calculations. The eddy fluxes,
as already mentioned, proved to be small and of uncertain sign, as in the
case of the energy calculations. External forcing of the storm by eddy import
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of absolute angular momentum into the inner region was NOT the mechanism that
gave birth to Daisy. ‘

The slight imbalance on the 25th could result from some underestimate of
the inflow or overestimate of the transport to the ground. It could well be
that outside the 40-mi. radius <) was less than .0025 since winds decreased

repidly outward and were only 20-30 kt. beyond the 60-mi. radius. On the
other hand, there is certainly nothing left over for lateral re-export by
small-scale stresses. If A= 1x 106g.cm:lsec:l computed in Table 10 for
August 25 is used in the lateral stress term of equation (23), an outward
transport tﬁrough the 80-mi. radius is computed which is about twice the total

import by the mass circulation. It follows that the lateral exchange coeffi«

cient must have a magnitude Qf not more than 105g. cm:lse'é:!' on that day for

momentum balance, and that therewith dissipation of kinetic energy also must
have taken place mainly by means of vertical eddies.

On the 27th a small amount of momentum was exported by the 2'v' correla-
tion so that this type of stress, far from importing momentum, actually re=-
moved it from the core as also on most other occasions where calculations
have been performed. After taking account of this transport about half of
the imported momentum was given off to the ocean surface, and the balance on
this day must be re-exported by small-scale lateral stresses. If the coeffi-
cients of table 10 are used for this purpose, the outward flux exceeds the
total import by a very large amount, almost an order of magnitude. If a uni-

form coefficient of 1 x 106g.cm:lsec:l is taken, the export across the 80-mi.
radius is 9.5 units. From the bottom of figure 19, the required export is
7.3 uwnits. Hence this order of magnitude of the coefficient is satisfactory
on the 2Tth. The lateral exchange still rises by an order of magnitude as
the hurricane matured.

In conclusion of the energy and momentum sections the following may be
summarized:

(1) The inward momentum and energy transport took place by means of the
mass circulation.

(2) "Eddy" transports of angular momentum and energy were negligible or
were directed outward.

(3) Transport of momentum to the ocean very nearly satisfied balance
requirements on the 25th. There is no need to invoke lateral momentum export
by small-scale stresses. Hence the internal dissipation of kinetic energy -
equal to the ground dissipation in the core - must have taken place by means

of vertical eddies. The lateral exchange coefficient /”r has a magnitude of
not more than 1 x 105g. cmflsec:l.

(4) On August 27 interaction with the ground did not satisfy momentum
balance. At this well-developed stage it is necessary to postulate lateral
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momentum export with coefficient of 1 x 106g.cm:lsecfl, hence one order of
magnitude larger than on August 25. Therefore this constraint upon the storm's
growth becomes important. However, lateral coefficients computed from the mo-
mentum and energy budgets are not compatible if the assumption is made that
all momentum transfer and all energy dissipation go by way of this process.
One must postulate that the kinetic energy is dlSSlpatid by vertical turbu-
lence. This requires a coefflclent/ﬁu of 100 -g. cm. sec. l, this is not
considered excessive.

(5) Internal dissipation on the 2Tth became so strong as to be able to
affect the heat budget. If the energy dissipated is converted to sensible
heat, a source with magnitude of Qs is obtained inside the LO-mi. radius.

(6) There are strong indications that the surface dissipation of kinetic
energy is independent of distance from the center, and that this may be a
general feature of hurricanes which explains the observed surface wind pro-
file along the radius.

(7) The calculations have shown that both from momentum and energy
viewpoints resistance against storm growth rose rapidly with intensification
due to increasing importance of lateral and vertical turbulence. This is,
however, no reason to suppose that this increase in the magnitude of the re-
sistive effects relative to the generative terms is not present in each in-
stance of storm development. Hence the calculations shed no light on ‘the
question why some hurricanes remain minimal while others rise to great in-
tensity. It is probably that the peak intensity of each hurricane is con-
trolled by external, not internal, factors.

9. TWO-DIMENSTONAL ANALYSIS AND CONCLUSIONS

The question may be asked what the results of this study portend with
respect to understanding the hurricane engine, and with respect to future
researches and observations. As case histories accumulate, one can of course
proceed from the hundredth to the thousandth detail and demonstrate certain
differences between individual storms. But is it worthwhile to do this?

What can be sald more generally about the mechanisms of hurricane maintenance
from the present data? Is it necessary to treat a vortex, fully turbulent
along all coordinates, and with turbulence also time dependent? How import-
ant is it that the air winds its way inward in rather tortuous selective
channels which produce micro-patterns in the horizontal velocity field and
that the bulk of the ascent appears concentrated in hot towers covering only
a small fraction of the hurricane's area?

The Daisy data have in fact confirmed the importance of the hot tower
mechanism and the concentration of the storm's heat release into 100-200 in-
dividual buoyant elements. If the details of the activity on these small
scales are decisive for storm growth and maintenance, then the prospect for
solving the large-scale hurricane problems and achieving predictive models
recedes into the dim future. We shall conclude by offering the hope that the
dynamic and thermal effects of these small scales of motion can be introduced
or parameterized effectively in a relatively simple framework, without dwell-
ing on their complex details which may differ from cases to case and from time
to time,
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The most favorable situation would exist if it can be shown that the
significant features of the hurricane can be grasped with two-dimensional
models. In this respect,a hopeful start was made by Malkus and Riehl f19].
The preceding Daisy calculations are promising along the same line in that
lateral eddy transports of heat and moisture proved small, and especlally in
that the much-vaunted u'v' correlation was small with sign opposite to that
postulated by its proponents; even the kinetic energy transport by the K'v!
correlation on August 27 was small enough so that it could have been neglected
within 1imits of all other calculations. Outside the core, the u'v' correla-
tion appears to act in the same sense as in the core, at least to several
hundred miles distant from a hurricane center (Riehl [24k]).

Some of the interior mechanisms whose magnitudes are significant and
which have been assessed here, such as internal and boundary friction along
vertical and lateral axes may be expected to develop during any successful
storm and hence should most probably be treated as necessary but dependent t.
features, as should the local heat source, provided of course that the hurri-,
cane does not move to an area of much lower ocean temperatures or over land.

Two constraints upon hurricane development have been emphasized: venti-
lstion and internal energy dissipation. Of these constraints, ventilation is
a function of external parameters as far as one can see now. The question of
what governs the vertical distribution of inflow stands out as one of the
most important unresolved problems raised for future investigation.

Internal energy dissipation, according to our hypothesis, results from
selective ascent of air in narrow channels. An indicated above, air moves
from bottom to top of the troposphere in these channels in about. 30 minutes;
hence the tendency toward conservetion of momentum and energy during such
ascent is high, and a large decrease of kinetic energy must occur when mixing
finally does take place in the upper troposphere.

On the whole, simple models such as developed by Palmén and Riehl [22]
and by Malkus and Riehl [19] have been supported by the present calculations.
For guidance in development of complete two-dimensional models and quantita-
tive prediction of hurricanes it appears appropriate, therefore, to present
in closing a few illustrations of Daisy as this storm appears in two-
dimensional form. First, the mass flow of figures 5 and 6 may be represented
in the form of Stokes' stream functions (figs. 21-22). For this calculation
the same vertical and radial intervals were used as in figures 5 and 6. As
already emphasized, the main feature in which the mass flow deviates from
earlier models is the high level of non-divergence which results in importa-
tion of alr with lower heat content than that of the surface layer. On August
25 the streamlines, which are also trajectories of the steady-state motion,
and the lines of equal Q are fairly parallel, except in the inner core (fig.
23). On the 27th (fig. 24), the trajectories cross more strongly toward
higher Q &bove the level of non-divergence, indicating increased effects of
the oceanic heat source and transfer by rising undilute cumulonimbi and the
mass they shed. Thus, in two-dimensional representation, the selective
vertical motion in hot towers can be replaced by a mean vertical motion

spread over the whole area, but only if ﬁ' is replaced by 'é' for the vertical
redistribution of heat. ‘

—————
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Figure 22. - Stokes stream function (units 10Mt g. sec.'l) for August 27.
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tent (solid) for August 27.
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Figure 25. - Stokes stream function (dashed) and lines of constant absolute
angular momentum (solid) for August 25.
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‘iﬂ Figure 26. - Stokes stream function (dashed) and lines of constant absolute

angular momentum (solid) for August 27.
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The streamlines also cross toward lower absolute angular momentum up to
the level of non-divergence on the 25th (fig. 25), while higher up the mo-
mentum is roughly constant along these lines. This extension of the "friction
layer" to the whole inflow layer must be accepted as realistic. It indicates
the depth to which the flow is essentially controlled by transfer processes at
the ocean surface and may be thought to correspond to the depth of the cloud
layer in the trades (Riehl and Malkus [28]). On August 27 (fig. 26) the
streamlines cross toward lower momentum at least up to 300 mb., and this might
be taken to reflect the rising importance of lateral shearing stresses on that
day. In the outflow layer the momentum again is as constant as drawing within
observational limits permits.

We wish finally to investigate further whether the mean streamfunction
representation of figures 21 and 22 also is promising from the vorticity stand-
point. While undoubtedly there are frictional influences. on the vorticity
field, it may still be presumed that the major configuration of the vorticity
field is linked to the distribution of convergence and divergence so that, in
the first approximation, the theorem of conservation of potential vorticity

may hold. If so,
4
5 _ Ap

E;_ ZSEZ ’ (26)

1
where ga is the absolute vorticity, ZSP the pressure-depth of the column con-
sidered, and the integration is carried out between the radii r and r. .

2 X
Figures 27-28 contain the absolute vorticity cross sections, which are rather

similar. Equation (25) was tested for five streamtubes of the inflow layer
on the 25th and for four tubes on the 27th. No calculations were performed
in the outflow region, but one can see qualitatively by comparison with
figures 21-22 that decreasing Ea and Z&P coincide. Table 12 gives the results

for the inflow layer, where it must be noted tnat only rough answers can be
expected in view of the uncertainties in drawing the streamtubes, especially
at the 80-mi. radius which was taken as ry.

Agreement is satisfactory, especially along the mean trajectories which
have the largest pressure changes; altogether percentages decrease together

for gae/gal and [Bpe/ [Spl. Hence, from the dynamical viewpoint, it will be

quite legitimate to treat the streamfunction field as representing the synoptic
scale motion in Daisy. This outcome is particularly gratifying, as it is just
the vorticity aspect of the hurricane which might have been affected strongly
by the hot tower ascents which, after all, cross the mean streamtubes every-
where except perhaps in the eye wall.*

Given conservation of potential vorticity in a steady two-dimensional
field, the transport of absolute vorticity is constant after integration over,
say, the inflow layer. This property of constant vorticity transport was used

*It should be noted again that all caleulations of this paper refer only to
the hurricane outside the eye wall.
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Within reasonable limits the vorticity flux is

In conclusion, it appears hopeful to attempt two-dimensional models of
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Teble 13. - Transport of absolute vorticity in inflow layer, unit: 10 g.sec.
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